Low levels of the vitamin D-regulated antimicrobial peptide cathelicidin (LL-37) may negatively impact the immune status of human immunodeficiency virus-1 (HIV-1) infected individuals (HIV+). We compared plasma LL-37 levels in healthy controls (HIV") and HIV+ individuals on or off antiretroviral therapies (ARTs) (ART+ and ART", respectively), and evaluated the relationship between vitamin D and LL-37 levels. In this cross-sectional study, levels of LL-37, 25-hydroxycholecalciferol [25(OH)D 3 ] and 1,25-dihydroxycholecalciferol [1,25(OH) 2 D 3 ] were measured from an initial cohort of 18 healthy controls and 10 HIV+/ART" individuals. Because this cohort lacked HIV+/ART+ subjects, LL-37 was also quantified from a second cohort of 10 HIV+/ART" and 13 HIV+/ART+ individuals. LL-37 levels were significantly lower in the HIV+/ART" group compared to the healthy controls (P50.01). A direct relationship was observed between LL-37 and both 25(OH)D 3 and 1,25(OH) 2 D 3 . The level of 25(OH)D 3 was predictive of higher LL-37 (P50.04) and for any given level of 25(OH)D 3 , HIV+/ART" subjects averaged 20 % lower LL-37 compared to the healthy controls (P50.045). For any given level of 1,25(OH) 2 D 3 , HIV+/ART" subjects averaged 25 % lower LL-37 compared to the healthy controls (P50.018), although 1,25(OH) 2 D 3 was not predictive of higher LL-37 (P50.28). Finally, LL-37 levels were significantly lower in the HIV+/ART" group compared to the HIV+/ART+ group from the second cohort (P50.045). Untreated HIV infection may contribute to lower LL-37 levels, independent of vitamin D levels. ART treatment may potentially mitigate this decrease in LL-37 levels.
INTRODUCTION
Human cathelicidin (LL-37) is an antimicrobial peptide that is transcriptionally induced by active 1,25-dihydroxycholecalciferol [1,25(OH) 2 D 3 ] vitamin D complexed to the vitamin D receptor (VDR) (Wang et al., 2004) . 1,25(OH) 2 D 3 is produced when the CYP27B1 enzyme hydroxylates 25hydroxycholecalciferol [25(OH)D 3 ], the major circulating form of vitamin D. In healthy individuals, LL-37 levels correlate with 25(OH)D 3 levels (Bhan et al., 2011; Dixon et al., 2012) . LL-37 demonstrates potent antimicrobial activity against a wide assortment of bacterial, mycobacterial, protozoal, fungal and viral pathogens (Durr et al., 2006) . Gombart et al. (2009) were the first to report a link between low cathelicidin levels and increased risk of death due to infectious agents. Jeng et al. (2009) subsequently showed a positive association between plasma LL-37 levels and vitamin D status in critically ill patients with sepsis. Meanwhile, serum LL-37 concentrations did not correlate with vitamin D status in individuals with tuberculosis (Yamshchikov et al., 2010) . In ex vivo macrophage studies, IP: 54.70.40.11 On: Wed, 26 Dec 2018 23: 35:24 cathelicidin and vitamin D induction of the autophagic pathway was found to be a key mechanism by which Mycobacterium tuberculosis and human immunodeficiency virus (HIV) are eliminated (Campbell & Spector, 2012a, b) . Yet, there are no data concerning the relationship between plasma cathelicidin and vitamin D levels in HIV-infected individuals in the absence of tuberculosis.
Vitamin D deficiency has been frequently observed in HIVinfected individuals (Bang et al., 2010; Vescini et al., 2011; Viard et al., 2011; Crutchley et al., 2012) . Antiretroviral therapy (ART) may further diminish vitamin D levels (Van Den Bout-Van Den Beukel et al., 2008) . In HIV-infected individuals, low levels of vitamin D are linked to increased incidence of opportunistic infections and worse clinical outcomes (Allavena et al., 2012) . It is reasonable to speculate that low vitamin D levels, and subsequently low cathelicidin levels, may contribute to the increased susceptibility of HIV-infected individuals to bacterial infections even before the progression to AIDS.
Currently, there are no data regarding plasma LL-37 levels or the association between circulating vitamin D and LL-37 levels in HIV-infected individuals. Thus, we measured LL-37, 25(OH)D 3 and 1,25(OH) 2 D 3 levels from a cohort of untreated HIV-infected (HIV+/ART2) individuals and healthy controls to elucidate the relationship between circulating LL-37 levels, vitamin D and the presence or absence of HIV infection. Since this initial cohort did not contain HIV+ individuals being treated with ART (HIV+/ART+), LL-37 levels were also measured in a second cohort, which included both HIV+/ART2 and HIV+/ART+ subjects to determine the impact of ART on LL-37 levels.
METHODS
Study population. Blood samples were analysed from two separate cohorts enrolled at the same geographical location. Cohort 1 consisted of 18 healthy HIV-negative controls and 10 HIV+/ART2 individuals. Peripheral blood was collected between September 2009 and January 2010 into BD Vacutainer sodium citrate cell preparation tubes from which plasma and peripheral blood mononuclear cells (PBMCs) were isolated and cryopreserved at 280 uC. Because this cohort did not include HIV+/ART+ subjects, LL-37 concentrations were measured in a second cohort of 10 HIV+/ART2 and 13 HIV+/ART+ individuals using banked cryopreserved plasma from blood collected in BD Vacutainer sodium heparin tubes. Participants of cohort 2 were enrolled between February and June 2010.
All subjects were adult residents of Colorado not receiving vitamin D supplementation. Inclusion criteria for healthy controls included selfreported HIV-negative status and no high-risk behaviours for HIV infection. All HIV+ subjects were under the care of the University of Colorado Hospital Infectious Disease Group Practice. Inclusion criteria for HIV+ subjects were: (i) documented HIV-1 antibody, (ii) not receiving ART (or off-treatment for at least 3 months) or receiving ART with good virological suppression (,100 HIV-1 RNA copies ml 21 ) for a minimum of 6 months or longer, and (iii) CD4 + T cell counts .250 cells mm 23 . The exclusion criteria for all subjects were: (i) acute illness, (ii) currently pregnant or lactating, and (iii) known blood or bleeding disorders. Studies were conducted in accordance with the Declaration of Helsinki and the United States Department of Health and Human Services, and approved by the Colorado Multiple Institutional Review Board with the informed consent of each participant.
Measurement of plasma vitamin D and LL-37 levels. Plasma 25(OH) and 1,25(OH) 2 D 3 were measured by the Colorado Clinical and Translational Sciences Institute Core (Colorado, USA) via direct competitive chemiluminescence immunoassay (DiaSorin Liaison automated chemiluminescence instrument) and competitive radioimmunoassay (DiaSorin RIA method), respectively. This laboratory is certified for proficiency by the Vitamin D External Quality Assessment Scheme (DEQAS). The 25(OH) assay measures both D 2 and D 3 forms. 25(OH) levels were tested in single determinations using the Liaison method, which has passed all four DEQAS proficiency challenges each year for the past 4 years when run in singlet. The 1,25(OH) 2 D 3 levels were measured in duplicate and the intra-assay coefficient of variation was acceptable per DEQAS proficiency evaluations.
A human LL-37 ELISA kit (Hycult Biotech) was used to quantify LL-37 from plasma according to the manufacturer's instructions using thawed specimens. The lower limit of assay detection was 1 ng ml 21 . LL-37 levels of subjects in cohort 1 and cohort 2 were not quantified on the same day and separate ELISA kits were used. LL-37 measurements were done in duplicate according to the information from the manufacturer and the intra-assay coefficient of variation is ¡10 % (Goleva et al., 2012; Levinson et al., 2012) .
Immunoblotting. Immunoblotting was used to detect VDR and CYP27B1 in PBMCs from healthy controls and HIV+/ART2 subjects. Cell lysates (15 mg) were separated by 4-12 % Tris-MES, SDS, EDTA (MES)-PAGE and transferred to PVDF using the iBLOT transfer system (Life Technologies). Proteins were immunostained with antibodies to VDR (Santa Cruz Biotechnology) or CYP27B1 (Santa Cruz Biotechnology). Detection was performed using horseradish peroxidase-conjugated secondary antibodies followed by Supersignal West Femto detection (Thermo). Electrophoretically resolved protein bands were quantified by scanning digital densitometry using a Kodak 1D Imager and software analysis. VDR or CYP27B1 signals were normalized to that of b-actin.
Statistical analyses. Statistical analyses were performed using R version 2.13.2 and GraphPad Prism software 6.0 for MAC. Circulating LL-37, 25(OH)D 3 and 1,25(OH) 2 D 3 levels were natural log (log e ) transformed for normality. Two-sided tests with a significance level of 0.05 were used to determine statistical significance. Continuous outcomes are reported as means or geometric means with corresponding 95 % confidence intervals (95 % CIs). Pearson's correlations were utilized. Given the small group sizes in each cohort, Fisher's exact test was used to evaluate categorical outcomes between groups. Ordinary least-squares regression was used to predict LL-37 values from vitamin D and HIV status.
RESULTS
Cohort 1: HIV+/ART" individuals have significantly lower plasma LL-37 levels than healthy controls
The HIV+/ART2 group (none with an AIDS diagnosis) was composed of significantly more males (70 %) compared to the healthy controls (22 %) (P50.02). Age (P50.30) and race (P50.40) were not significantly different between the two groups (Table 1) . For the HIV+/ART2 subjects, geometric mean CD4 + T cell count was 620 cells ml 21 and the mean log 10 viral load was 3.96 HIV-1 RNA copies ml 21 . Plasma log e LL-37 ng ml 21 levels were 23 % lower (95 % CI 5.5 %, 37.2 %) in the HIV+/ART2 subjects (mean 4.46) compared to the healthy controls (mean 4.72) (P50.01) ( Fig. 1a ). There was no significant correlation between log 10 viral load and log 10 LL-37 levels in HIV+/ART2 subjects (r50.38; 95 % CI 20.32, 0.82; P50.27). Circulating vitamin D levels were not significantly different between the two groups. Mean plasma log e 25(OH)D 3 levels for the healthy controls were 3.25 ng ml 21 (95 % CI 3.05, 3.46) and 3.11 ng ml 21 (95 % CI 2.85, 3.38) for the HIV+/ART2 participants (P50.37). The mean plasma log e 1,25(OH) 2 D 3 level was 3.87 pg ml 21 (95 % CI 3.67, 4.08) in the healthy controls and 4.01 pg ml 21 (95 % CI 3.84, 4.18) in the HIV+/ART2 subjects (P50.26).
To explore the relationship between circulating LL-37 and vitamin D levels for the HIV+/ART2 subjects and healthy controls, each LL-37 value was modelled as a function of its corresponding 25(OH)D 3 , and 1,25(OH) 2 D 3 levels. As shown in Fig. 1(b, c) , there was a direct relationship between circulating 25(OH)D 3 or 1,25(OH) 2 D 3 levels and LL-37 in both the HIV+/ART2 (dotted lines) and healthy-control (solid lines) groups. For a one log e increase in 25(OH)D 3 , LL-37 increased by 36.7 % (95 % CI 2.1 %, 71.9 %; P50.040) and for any given level of 25(OH)D 3 , HIV+/ART2 participants averaged 20 % lower LL-37 than the healthy controls (95 % CI 1.2 %, 35.1 %; P50.045) as shown in Fig. 1(b) . For a one log e increase in 1,25(OH) 2 D 3 , LL-37 increased by 17.4 % (95 % CI 212.5 %, 48.9 %; P50.28) and for any given level of 1,25(OH) 2 D 3 , HIV+/ART2 participants averaged 25 % lower LL-37 than healthy controls (95 % CI 5.8 %, 39.9 %; P50.018) as shown in Fig. 1(c) . The effect of log e 25(OH)D 3 or log e 1,25(OH) 2 D 3 on log e LL-37 did not vary by HIV status (P50.86 and P50.70, respectively). Race, sex and age were considered as potential confounders. After adjusting for race, the magnitude of the effect of 25(OH)D 3 increased with non-whites estimated to have 11 % higher log e LL-37 (95 % CI 213.5 %, 42.1 %; P50.41). Similarly, the magnitude of the effect of 1,25(OH) 2 D 3 increased with non-whites estimated to have 9 % higher log e LL-37 (95 % CI 216.9, 44.1; P50.52). Separately adjusting for sex and age did not have a clinically relevant impact on the estimates of log e 25(OH)D 3 ) or log e 1,25(OH) 2 D 3 or HIV status, and they did not significantly add to the model (P.0.53 and P.0.14, respectively).
To determine if the lower LL-37 levels in the HIV+/ART2 subjects could be due to lower expression of VDR and CYP27B1, these two proteins were detected by immunoblotting whole-cell lysates prepared from PBMCs of HIV+/ ART2 and healthy subjects of cohort 1. After densitometry and normalization for b-actin expression density, the semiquantification of VDR and CYP27B1 was not significantly different between the groups (Fig. 1d, e ).
Cohort 2: HIV+/ART" individuals have significantly lower plasma LL-37 levels than HIV+/ART+ individuals The data from cohort 1 indicated that HIV+/ART2 individuals have lower LL-37 levels than healthy-control participants. To assess whether ART affects LL-37, plasma LL-37 levels were also measured from a second cohort composed of HIV+/ART2 and HIV+/ART+ subjects. Sex and age were not significantly different between the groups (P50.65 and P50.98, respectively) ( Table 2) .
Whites composed 50 and 69 % of these groups, respectively (P50.42). CD4 + T cell counts did not differ significantly between the HIV+ subjects on or off ART (P50.23). The mean log 10 viral load of the HIV+/ART2 group of cohort 2 was 3.41 HIV-1 RNA copies ml 21 (95 % CI 2.90, 3.93). This viral load was not significantly different from cohort 1 (P50.08). There was no significant correlation between log 10 viral load and log 10 LL-37 levels in HIV+/ART2 subjects (r520.19; 95 % CI 20.73, 0.50; P50.59). As expected, HIV+/ART+ individuals showed significantly lower viral loads compared to the HIV+/ART2 group (P,0.0001). In the HIV+/ART+ group, 62 % were previously diagnosed with AIDS, although all had CD4 + T cells above 250 cells mm 23 at the time of the study. The log e LL-37 ng ml "1 level from each healthy-control (circles) and HIV+/ART" (squares) subject was plotted versus log e 25(OH)D 3 ng ml "1 (b) or log e 1,25(OH) 2 D 3 pg ml "1 (c). Linear regression lines are denoted by the solid and dotted lines for the healthy-control and HIV+/ ART" groups, respectively. (d, e) Detection of VDR and CYP27B1 by immunoblot. Total PBMC lysate from healthy controls and HIV+/ART" subjects were probed for VDR (d) and CYP27B1 (e). Representative blots are shown. Absolute band intensities were measured and relative band intensities were calculated from the ratio of VDR or CYP27B1 band densities to that of bactin. VDR or CYP27B1 levels (P50.49 and P50.16, respectively) were similar between the two groups.
The same brand of ELISA kit was used to quantify LL-37 from both cohorts. In a regression model that utilized data from both cohorts, log e LL-37 ng ml 21 was estimated to be 1.42 (95 % CI 1.19, 1.65) higher in cohort 1 compared to cohort 2 (P,0.001). This assay effect did not differ by HIV-status group (P50.91). We attribute this difference to variation in the methods used to collect and process the plasma. Using all available data, race, age and sex were considered as potential confounders; although they did not have a clinically relevant impact on group estimates and failed to achieve statistical significance (P.0.52). Using only cohort 2 data, plasma log e LL-37 levels were 41.5 % lower (95 % CI 1.4 %, 65.2 %) in the HIV+/ART2 subjects (mean 2.87) compared to HIV+/ART+ subjects (mean 3.40) (P50.045) (Fig. 2) .
DISCUSSION
To our knowledge, this is the first study to evaluate plasma LL-37 levels in HIV+ individuals. Cohort 1 results demonstrated three novel findings: (i) LL-37 levels were significantly lower in HIV+/ART2 subjects compared to the healthy controls, (ii) there was a direct relationship between circulating LL-37 levels and both 25(OH)D 3 and 1,25(OH) 2 D 3 for both the HIV+/ART2 subjects and healthy controls, and (iii) LL-37 levels were consistently lower for any given vitamin D level in individuals with untreated HIV infection compared to healthy controls. Finally, cohort 2 results indicated that LL-37 levels were significantly lower in HIV+/ART2 individuals compared to HIV+/ART+ individuals.
HIV+ individuals are more commonly affected by microbial infections compared to healthy individuals. For example, tuberculosis and invasive Streptococcus pneumoniae infections are 50 and 100 times more likely to develop in HIV+ individuals, respectively, compared to HIV2 individuals (Redd et al., 1990; Mahmood, 2010) . Multiple mechanisms have been proposed for the increased susceptibility to infections in HIV+ individuals, including impaired cell-mediated responses and antibody production (Belec et al., 1995; Twigg et al., 1996) , deficiencies in neutrophil and macrophage function (Howell et al., 1997) and unsafe sexual practices (Fowler et al., 1997) . Our findings suggest that diminished LL-37 levels may also be a new potential mechanism to explain the heightened susceptibility of untreated HIV+ individuals to microbial infections. Furthermore, infection rates in HIV+ individuals have been shown to decrease following ART treatment (Velasco et al., 2009; Segal et al., 2011) . Our study showing that the HIV+/ART+ subjects had significantly higher levels of LL-37 than HIV+/ART2 subjects suggests ART may mitigate the HIV-induced decrease in LL-37. A prospective study of LL-37 levels before and after initiation of ART would be important to confirm this.
This study has several limitations. First, the sample sizes of the cohorts were small and not fully matched; yet, we found significant differences in LL-37 levels between the HIV+/ART2 subjects and healthy controls and between the HIV+/ART+ and HIV+/ART2 subjects. It would be important to validate these findings in a larger number of individuals. Second, we cannot exclude the possibility of HIV infection in the healthy-control participants since they were not tested for HIV infection, although the relatively low prevalence of undiagnosed HIV infection in Colorado (0.04 % of the population) renders it unlikely that healthy controls had undiagnosed HIV infection. Third, we did not monitor parameters such as body mass index, duration of HIV infection, kidney, liver and parathyroid diseases, or calcium disorders; it is possible that one or more of these factors can influence LL-37 production.
In cohort 1, non-whites showed a trend toward greater effect of vitamin D on LL-37 levels than whites. Our inability to further separate non-whites from whites down to ethnicity and our small cohort size precludes definitive conclusions about the impact of race on the relationship between LL-37 and vitamin D. It would be important to validate these findings in a larger group of healthy controls and HIV+ subjects including both ART2 and ART+ individuals. Cohort 1 also showed differences in gender composition. To date, we are unaware of any reports that suggest an association between gender and LL-37 levels, but it would be prudent to recruit an equal number of males and females in future studies to determine whether LL-37 levels differ by sex.
In cohort 2, an important caveat is that we did not have vitamin D levels for these participants and therefore could not examine the relationship between vitamin D and LL-37 levels in HIV+/ART+ individuals. Additionally, the cross-sectional design of this study did not permit us to definitively conclude that ART leads to normalization of Fig. 2 . LL-37 levels among cohort 2 participants. log e LL-37 ng ml "1 levels of the HIV+/ART" and HIV+/ART+ subjects were compared.
LL-37 in HIV-infected individuals LL-37 levels; a longitudinal study would be required to confirm or refute these findings. We were also unable to examine the mechanisms for lower LL-37 in HIV+/ART2 individuals compared to HIV+/ART+ subjects. Cellular studies can help to elucidate whether synthesis, turnover and/or secretion of LL-37 are affected with in vitro HIV infection, with or without addition of ART. Additionally, cohort 2 showed an inverse relationship between viral load and circulating LL-37 levels, yet the opposite was observed for cohort 1. Further research needs to be conducted to investigate this discrepancy.
In conclusion, this study indicates LL-37 levels were directly associated with vitamin D levels in both the healthy controls and HIV+/ART2 subjects, although LL-37 levels were consistently lower in the HIV+/ART2 group. Our findings also suggest, but do not prove, that ART may reverse the depressed circulating levels of LL-37 due to untreated HIV infection. A case-control study from a large cohort could help demonstrate that reduced LL-37 level in HIV+ individuals is truly related to increased risk for bacterial infections. A better understanding of the role of LL-37 in predisposing HIV-1 infected individuals to microbial infections could lead to novel therapies to augment LL-37 levels and improve clinical outcomes in HIV-1 infected individuals.
